Viable, mononucleated ceils were liberated from minced hind limb skeletal muscle of mice by incubation with .1% pronase at 37 C for 1 hour. Mice immediately after birth, at the most rapid growth stage and near maximum body weight were utilized as the source of skeletal muscle. Cell suspensions were placed in cell culture under conditions that permitted evaluation of several general properties of the cell population. The total number of viable cells/ gram of muscle decreased sharply during growth to a minimum value of approximately 2 x 104 cells/gram. The composition of this total cell population was evaluated in cell culture by cloning the cells at low density. Each colony of cells originating from a single cell was evaluated microscopically after 3 weeks in culture to determine if it was myogenic as evidenced by the presence of multinucleated myotubes. 
INTRODUCTION
Embryonic muscle growth primarily results from replication of precursor myogenic cells and their subsequent fusion into multinucleated myotubes. Most of the increase in postnatal muscle -mass, on the other hand, results from accretion of myofibrillar proteins whose synthesis is directed by the genetic information contained in myofiber nuclei. Even though the nuclei within muscle fibers have been conclusively shown to be incapable of mitosis (Stockdale and Holtzer, 1961; Okazaki and Holtzer, 1966) , a slow but continuous increase in the number of nuclei within each fiber occurs during postnatal muscle growth (Enesco and Puddy, 1964; Moss, 1968; Moss and Leblond, 1970; Church, 1970) . This apparent enigma can be resolved if it is accepted that satellite ceils can undergo replication and subsequently become incorporated into mature myofibers. Satellite cells, first observed in frog striated muscle (Mauro, 1961) , are small, mononucleated cells located between the basement membrane that surrounds each muscle fiber and the sarcolemma or cell membrane of the myofiber. In addition to the contribution of satellite cells to muscle growth, they have since been found in numerous species and are thought to be responsible for muscle regeneration following injury (Muir et al., 1965; Church, 1969; Kahn and Simpson, 1974; Aloisi, 1970; T'rupin, 1976; Bischoff, 1974; Konigsberg et al., 1975) . Because the extent of satellite cell proliferation could be one of the factors that regulate the amount of muscle tissue, the present study was initiated to study some of the properties of 1241 JOURNAL OF ANIMAL SCIENCE, Vol. 46, No. 5, 1978 satellite cells in cell culture.
MATERIALS AND METHODS
Animal Model. White mice, Outbred Spartan HA (ICR), were obtained from Spartan Research Animals, Inc., Haslett, MI. Females were purchased and maintained in laboratory animal facilities at M.S.U. on standard laboratory mouse diet (Peerless Laboratory Animal Diet). These females were mated to purchased males to provide neonatal and 3-week-old mice of both sexes. Young adults used in these studies were all purchased directly from Spartan Research Animals, Inc. immediately before use. All mice were anesthetized with ether immediately prior to excision of their hind limbs.
Preparation of Cells for Muscle Culture.
The procedure used for isolating myogenic cells from the fresh hind limb muscle of mice was patterned after that of Bischoff (1974) . Muscle was excised from the hind limbs of mice and immediately placed in an uncoated culture dish containing buffered saline solution (137 mM NaC1, 2.7 mM KCI, 1 mM CaCIu, .14 mM NaH2PO4, 1.36 mM Na3HPO4, 6 mM NaHCO3, 5.5 mM glucose, 37 C, pH 7.4). The muscle was trimmed of excess connective tissue and approximately 2 g were placed in a clean uncoated culture dish containing 10 ml of fresh buffered saline solution (BSS). The muscle then was minced into fragments approximately 1 mm 3 in size. Pronase (Calbiochem, B grade) was added to a final concentration of 1 mg/ml, and the suspension was incubated at 37 C for 60 min while undergoing mild agitation in a water bath. The suspension was centrifuged at 1,500 x g for 1 min, and the pellet was resuspended in 15 ml of complete medium. Complete medium contained 85% Eagle's Minimum Essential Medium, 10% horse serum, 5% chicken embryo extract, 125 units/ml of penicillin, 3.4 gtg/ml of Fungizone, and 125 /~g/ml streptomycin. Suspended tissue was agitated with a Vortex mixer for 30 seconds. This suspension was centrifuged at 700 x g for 1 min and the supernatant saved. The pellet from this centrifugation was resuspended with the aid of a Vortex mixer, the suspension was centrifuged two more times exactly as above, and the supernatants combined. These combined supernatants were centrifuged at 1,500 x g for 3 min and the supernatant discarded. The pellet from this centrifugation, which contained cells and a considerable amount of debris, was resuspended in complete medium by repeated aspiration with a pipet. To approximate the number of cells available for plating, an aliquot of the cell suspension was counted with the aid of a hemocytometer. Cells were plated in either 6 cm or 10 cm culture dishes at a cell density of 2.25 x 104 cells/cm 2 in tissue culture dishes which had previously been coated with approximately 2 gtg/cm 2 of sterile collagen. Cultures were incubated in 2 or 5 ml of complete medium at 37 C in the presence of 5% CO2 and 95% air.
Preparation of Muscle Clones. Myogenic cell suspensions were isolated as described previously from all three ages of mice. An aliquot of the cell suspension was counted with the aid of a hemocytometer and cells were plated into 15 cm collagen-coated culture dishes at densities of approximately 100, 250 and 500 cells per dish containing 15 ml of complete medium. Cultures were incubated at 37 C and medium changes were made every 24 hr until the number of cells within clones reached approximately 200. Twelve milliliters of conditioned medium prepared as described below were placed on clonal cultures for a period of 48 hr and the cultures were stained with Giemsa stain.
Preparation of Conditioned Medium. Conditioned medium was prepared similar to the procedure of White and Hauschka (1971) . Regular complete medium was prepared as indicated earlier and 60 ml placed on differentiating cultures in 15 cm collagen-coated polystyrene culture dishes. These cultures were prepared by plating a total of 1.5 • l0 T cells per culture dish, and cells were derived from preplated cell suspensions of neonatal mice prepared by the method of Bischoff (1974) . Complete medium was conditioned for a 24-hr period between 1 and 2 days in culture while cells were rapidly fusing. Nuclei, Fused Nuclei and Percentage Fusion. In order to prepare muscle cell cultures for counting nuclei, cultures were rinsed twice with BSS at 37 C, fixed in absolute methanol for 5 min, and stained with Giemsa stain for 20 min at room temperature. Nuclei were counted in randomly-selected fields, and the percentage of nuclei within myotubes was calculated by dividing the total number of fused nuclei by total nuclei and multiplying by 100. (Bonner and Hauschka, 1974) . A colony was designated as myogenic only if it contained clearly discernible multinucleated myotubes. All other colonies were scored as nonmyogenic. The percentage of myogenic clones was then calculated.
Determinations of Total

RESULTS AND DISCUSSIONS
The goal of this research was to evaluate some general properties of the satellite cell population in skeletal muscle at different stages of growth. Thus, a rapidly growing strain of white mice was used for the animal model so that experiments could be carried out in a reasonable amount of time. The three ages Figure 2. Percentage of nuclei in multinucleated myotubes in cultured satellite cells isolated from the hind limb muscle of neonatal, rapidly growing (3 week) and young adult (7 week) mice. Duplicate cultures were stained with Giemsa stain at each age, and the extent of fusion was measured as described in Materials and Methods.
chosen for the experiments were neonatal, rapidly growing (3 weeks) and young adult (7 weeks). Neonatal mice are very immature compared to the newborn of other species; consequently, neonatal mice were considered to be embryonic for the purpose of these experiments. Mice at 3 weeks of age were chosen because they were making the most rapid weight gains, and 7-week mice were examined because their rate of weight gain approaches zero (figure 1).
Cell suspensions prepared from hind limb muscle as described in Materials and Methods were placed in collagen-coated polystyrene petri dishes at approximately equal densities and incubated for various lengths of time. The cells attached to the surface and began to proliferate within a matter of hours. Once the cell density was adequately high, the process of muscle cell fusion was initiated. The percentage of nuclei found in multinucleated myotubes was utilized as an index of the degree of differentiation, and typical fusion curves are shown in figure 2 for all three ages. The amount of time that elapsed before the onset of multinu~leated myotube formation was dependent on mice age, and the maximum percentage of myotube nuclei was diminished in cultures from the older mice. It is not clear whether the increased lag time before fusion is an intrinsic characteristic of satellite cells from older mice, or whether it is the result of dilution of satellite cells caused by the increasing frequency of non-myogenic cells with age (figure 2, also see table 1). Because myogenic nuclei are not capable of mitosis once they are incorporated into multinucleated myotubes, and because the nonmyogenic cells in muscle tissue are capable of continuous replication, the actual percentage of multinucleated cells decreases after the majority of myogenic nuclei have fused. The absolute number of myotube nuclei either remained constant or increased slightly during the period of decreasing percentage fusion illustrated in figure 2. These data suggest that the composition of the mononucleated cell population in skeletal muscle shifts with increasing age toward a lower proportion of satellite cells.
The maximum percentage fusion from all three ages of mice did not occur on the same day in culture, even though the initial cell densities were identical (figure 2). In addition, the data in figure 2 give no indication of the total viable cell content of the muscle used in the experiments. Consequently, a different approach was taken to more rigorously evaluate both total cell content and proportion of myogenic cells in neonatal, rapidly growing and young adult skeletal muscle. This approach involved combining data on viable mononucleated cells/gram of muscle with data on the actual percentage of satellite cells measured in clonal cultures to obtain a minimum estimate of the satellite cell concentration at each age.
Before measuring total viable cells/gram of muscle as described in Materials and Methods, it was necessary to measure the time interval between complete attachment of all cells to the surface of the culture dishes and initiation of replication. This measurement was essential because enumeration of cells before complete attachment would result in an underestimate of the cell content, whereas enumeration of cells after initiation of replication would cause an overestimation of the viable cell content. The results of one such experiment are presented in figure 3 and show that at least 5 hr are required for maximum cell attachment and that rapid proliferation began after approximately 30 hours. Therefore, all cell counts were made at 8 hr in culture.
The results of experiments evaluating the number of total viable cells/gram of skeletal muscle are shown in figure 4 . The drastic decline in total cell concentration as a function of age is consistent with several studies indicating a decrease in the frequency of extramyofiber cell nuclei (Bischoff, 1974; Allbrook et al., 1971; Ishikawa, 1970; Church, 1969 Church, , 1970 Trupin, 1976; Muir et al., 1965; Schmalbruch and Hellhammer, 1976) . In addition, the values in figure 4 agree reasonably well with cell numbers that can be calculated from electron Cultures were prepared, stained and evaluated as described in Materials and Methods. The growth curve for Spartan white mice is also shown in order to compare the changes in viable cell concentration with stage of growth.
since the distance between colonies is large enough that colony overlap is improbable, the percentage of cell colonies that eventually develop multinucleated myotubes is indicative of the percentage of the initial cell suspension that is myogenic. For purposes of the present experiments, all these myotube-forming colonies were considered to be derived from satellite cells. Withdrawal of replicating myogenic cells from the cell cycle and initiation of myotube formation are somewhat dependent on muscle cell density. Colonies of cells must microscopic evaluation, although they are somewhat lower. Even though the cell quantities in figure 4 represent the maximum number of cells that can be obtained from muscle using pronase digestion, they likely are an underestimate of the total cell number for three reasons. First, it is unlikely that pronase digestion quantitatively liberates mononucleated cells from muscle, and, in fact, Bischoff (1974) has shown that some extramyofiber nuclei are left behind. Secondly, the minced tissue is incubated 1 hr with the proteolytic enzyme, pronase, and the tissue is then further broken apart by vigorous mechanical agitation on a Vortex mixer. Both these actions undoubtedly destroy some of the extramyofiber cells. Thirdly, the percentage of cells that remain viable (i.e., plating efficiency) after they are placed in cell culture is never 100%. Thus, the ceils/gram in figure 4 should be regarded as a minimum estimate of cell content, even though they are similar to other values obtained by more quantitative electron microscope analysis.
In order to determine the percentage of myogenic cells isolated by pronase digestion, cloning experiments were carried out. The cloning principle involves separating single ceils by a large distance when plating and allowing them to proliferate extensively. Since all cells in a given colony originate from one cell, and Figure 5 . (A) Appearance of presumptive myogenic clone before the onset of fusion into multinucleated myotubes. The single cell whose proliferation gave rise to this clone was isolated from a young adult mouse (7 weeks). Note the small, compact size of many of the cells as well as the more bipolar shaped ones. (B) Appearance of a myogenic clone after initiation of fusion. The single cell which gave rise to this clone was isolated from a young adult mouse (7 weeks). Myogenic clones isolated from the hind limbs of neonatal and rapidly growing mice were identical in appearance to the one shown here. The appearance of the mononucleated cells is the same as the mononucleated cells in (A). be allowed to replicate sufficiently long to allow fusion t o occur if clonal analysis is to yield an adequate measure of the percentage of myogenic cells. Figures 5A and 5B illustrate the appearance of satellite cell colonies before and after the onset of fusion, respectively. Formation of muhinucleated myotubes like the ones in figure 5B positively identifies the original cloned cell as a myogenic satellite cell. A cell clone which did not develop multinucleated myotubes is shown in figure 6 , and morphological differences between myogenic and nonmyogenic cell types are readily apparent. Even though satellite cell clone morphology before myotube formation (figure 5A) seems sufficiently unique compared to non-myogenic cell types (figure 6), Abbott et al. (1974) have indicated that myogenic cells may possess different morphologies under certain circumstances; consequently, only the colonies which contained clearly discernible muhinucleated myotubes were scored as myogenic.
Cultured embryonic muscle ceils apparently secrete an unknown factor(s) into their surrounding environment which alters their development. This effect is called "conditioning" and has been examined in some detail by Konigsberg (1971) and Hauschka (1974) . Since the degree of conditioning depends on the number of muscle cells in a culture, precautions must be taken to prevent conditioning effects when cultures of unequal densities are compared for their ability to differentiate. Without such precautions cultures with the highest number of myogenic cells will fuse earliest. To Figure 6 . Appearance of a non-myogenic cell clone isolated from the muscle of a 7-week mouse. Fusion was never observed in any colonies with this morphology. eliminate the possibility of conditioning effects on differentiation in clonal cultures, the regimen outlined in Materials and Methods of daily medium changes prevented onset of fusion until adequate quantities of cells had replicated from the original single cell. Conditioned medium was then added to all cultures to induce the onset of myotube formation. To confirm that the percentage of myogenic clones was independent of clonal density, a series of plates at different densities was established from neonatal, rapidly growing and young adult mice. Results of these experiments (figure 7) illustrate that the percentage of myogenic clones is independent of clonal density for the three ages of mice and that cloning can be utilized to measure the percentage of myogenic cells in cell suspensions. Failure to follow the procedure of daily medium changes as described above resuited in percentages of myogenic clones which were sharply dependent on clonal density. The percentage of myogenic clones from neonatal, rapidly growing and young adult mice was (table 1) . The accuracy of these percentages is dependent on the assumption that plating efficiency for all cell types is equal under clonal conditions. Clearly the composition of the non-surviving cells cannot be measured; however, it is noteworthy that the percentages of myogenic clones in table 1 are similar to the maximum percentage of nuclei found in multinucleated myotubes (figure 2). This evidence does not prove that all cell types had equal plating efficiencies, but suggests that they were similar.
Correction of the total viable cells/gram in figure 4 with the percentages of myogenic cells in table 1 gives a minimum estimate of the satellite cell concentration in skeletal muscle at the three ages of mice examined (table 2). The concentration of satellite cells decreased dramatically between birth and 3 weeks of age and declined further, but less sharply, between 3 weeks and 7 weeks. This decline in satellite cell concentration can be attributed to at least two causes. First, there is a dilution in satellite cells/gram because of the accretion of muscle proteins during growth. Secondly, numerous workers have suggested a gradual uptake of satellite cells into myofibers during growth (Enesco and Puddy, 1964; Moss, 1968; Moss and Leblond, 1970; Church, 1970) , and this notion is supported by the data in table 2 (column 6) showing that the actual number of satellite cells in the entire complement of hind limb muscle decreases with age. Although it is not clear if satellite cell frequency continues to decline throughout adulthood and into old age, at least one report has shown that satellite cells are present in humans in their seventies at a considerably lower frequency than found in mature young adults (Schmalbruch and Hellhammer, 1976) . The data by Schrnalbruch and Hellhammer (1976) and the fact that muscle injury is repaired to some extent in older individuals suggests that adequate quantities of satellite cells for muscle regeneration are maintained.
The total number of nuclei within each muscle fiber increases during postnatal muscle growth (Enesco and Puddy, 1964; Moss, 1968; Moss and Leblond, 1970; Church, 1970) ; however, once myoblasts are incorporated into myotubes they lose their mitotic ability. A number of in vivo studies have shown that satellite cells are capable of incorporating labeled thymidine into their nuclei, suggesting that they are undergoing DNA synthesis and mitosis (MacConnachie et al., 1964; Church, 1969; Moss and Leblond, 1970) . These labeled satellite cell nuclei beneath the basement membrane are capable of fusing with the myofibers since the number of labeled nuclei increases inside the muscle fibers. Thus, the increase in muscle fiber nuclei during growth can be attributed to the mitotic activities of satellite cells. Holtzer (1970) has suggested that satellite cells are an adult form of the myogenic cell which have been arrested in a postmitotic phase but are fully capable of mitosis during postnatal muscle growth and muscle regeneration. Once satellite cells become activated, their nuclei enlarge and the numbers of ribosomes and the amount of cytoplasm increase. These changes are typical of non-cycling cells which have been stimulated to leave the G1 phase of the cell cycle and enter the S and G2 phases (Ontell, 1975; Bischoff, 1974 Bischoff, , 1975 . Studies that have examined skeletal muscle for satellite cells have suggested that a population of potentially replicating myogenic cells is always present even after "fusion is completeed (Bischoff and Hohzer, 1969) . The reasons that some presumptive myogenic cells, which are not dividing but are capable of mitosis under the proper circumstances, are set aside during muscle differentiation and postnatal growth are not known. Konigsberg et al. (1975) suggested that myogenic cells may simply become trapped beneath the basement membrane during muscle development. In addition, Church (1969 Church ( , 1970 showed that satellite cells are recognizable in embryonic development as soon as the basement membrane becomes visible. Thus, it seems clear that cells containing all of the characteristics of satellite cells can be found in skeletal muscle from the earliest stages of embryogenesis through the oldest ages that have been evaluated.
Morphological differences are evident in satellite cells from mice of different ages (Schultz, 1976) . Electron micrographs of satellite cells in young mice show abundant cytoplasm and substantial quantities of ribosomal associated rough endoplasmic reticulum. With increasing age, however, there is a qualitative decrease in the number of organelles in the satellite cell cytoplasm. These alterations suggest that satellite cells become more dormant with age, and in adult muscle they contain clumped chromatin in a nucleus surrounded by minimal amounts of cytoplasm. Corresponding to the apparent decrease in metabolic activity of the satellite cells with age is a decrease in their frequency in muscle (Bischoff, 1974; Allbrook et al., 1971; Ishikawa, 1970; Church, 1969 Church, , 1970 Trupin, 1976; Muir et al., 1965; Schmalbruch and Hellhammer, 1976) . For example, the percentage of total muscle nuclei that are satellite cells in 25, 200 and 800 g rats has been found to be approximately 12, 2 and .7%, respectively (Ontell, 1973; Moss and Leblond, 1971) . Although the frequency of satellite cells normally declines during postnatal muscle growth, the quantity of satellite cells can be increased by injury to create a regenerative response (Bischoff, 1974) . For example, Ontell(1973) denervated rat muscle and found 1 week later that the satellite cell frequency had increased from 2% to 6%, and 2 weeks later the percentage had increased to 12%. When postnatal mucle is injured satellite cells undergo proliferation, and enough of their daughter cells enter the terminal myogenic compartments to fuse, direct the synthesis of new myofibrillar proteins and thereby restore normal muscle function. Muscle regeneration in adults may simply repeat the myogenic processes which occurred in the embryo, with initiation of satellite cell proliferation serving as the origin of regeneration.
Because the proportion of satellite cells to non-muscle cells in adult skeletal muscle is fairly low (table 1) , experiments dealing with the behavior of the total mononucleated cell population isolated from skeletal muscle are subject to several errors. Biochemical data obtained from these cell mixtures primarily reflect the properties of the large majority of non-muscle cells. In addition, table 1 shows that the percentage of satellite cells from skeletal muscle changes with age of the mouse. Thus, biochemical experiments would not only reflect the low proportion of satellite cells, but would be susceptible to simple alterations in the composition of cell preparations used for the experiments unless steps were taken to equalize the fraction of myogenic cells. Cell suspensions prepared by the method of Bischoff (1974) should, therefore, be used with caution in evaluating properties of skeletal muscle satellite cells. Indeed, Bischoff (1974) has shown that the composition of liberated cells varies with the proteolytic enzyme used for tissue digestion.
Investigations on regulation of "growth in meat animals must deal with satellite cells as a potential source of additional myonuclei. Stimulation of satellite cell proliferation and subsequent fusion of satellite cell progeny would presumably result in more nuclei in each muscle fiber. Because the quantity of genetic information capable of being transcribed and translated into functional myofibrillar proteins is directly proportional to the number of nuclei in a muscle, any factors causing an increase in the number of muscle fiber nuclei through satellite cell proliferation might result in increased deposition of muscle proteins. The present study represents an initial effort in this area by measuring some of the basic properties of the viable, mononucleated cell population in skeletal muscle. In conclusion, the current technique is particuarly useful for evaluating changes with age in the viable satellite cell concentration in skeletal muscle; however, the technique does have several limitations which should be kept in mind.
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